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Introduction
Despite the well-recognized role of water in transmitting climate impacts to some of the growth drivers of the economy, the water sector has been largely ignored in climate change deliberations. The impacts are projected to vary by region, and are likely to include changes in average hydroclimate patterns (precipitation, surface runoff, and stream flow), as well as increases in the probability of extreme events. Climate shocks are likely to impose higher costs than gradual changes in climate averages. Prudent management of water resources will be pivotal in addressing the climate challenge-both for adapting to the effects of climate change and for meeting global goals to mitigate greenhouse gases (GHG).
The precise consequences of climate change on the hydrological cycle are uncertain, which makes adaptation especially challenging. Uncertainty regarding impacts is partly a consequence of the limitations of climate models.
Despite improvements in climate science, the Global Circulation Models (GCMs) developed to project climate futures generate a wide range of projections that often disagree on both the direction and magnitude of precipitation changes. Furthermore, GCMs have not been designed to predict changes in the hydrological cycle and lack the precision required for planning and managing water resources. These errors are compounded when projections are "downscaled" from regional to the finer spatial scales necessary for planning and the design of infrastructure. In addition, changes in the hydrological cycle imply that future water systems may not resemble the past (nonstationarity), so historic trends-as used in engineering designs-no longer serve as a reliable guide for assessing and managing future risks. 
Research Methods
The analysis in this paper is conducted utilizing an Finally, the study examines the implications of limited water resources on energy and agricultural decisions.
Simulations are carried out with and without constraining water resources as a limited resource in water-using sectors (such as domestic water supply, energy, and agriculture). The results shed light on any changes in water demands by sector due to changes in water availability in the coming decades.
Using the Global Change Assessment Model (GCAM) to Quantify Impacts of Climate Change
The research questions posed in this paper are focused on quantifying the impacts of climate change, future development scenarios, and intervention policies on water resources throughout the world. This research also lays the groundwork for an analytical tool that can be used to support decisions not only in the scenarios documented in this paper, but other policy and intervention options that may be considered moving forward.
The methodological procedure used in this investigation can be summarized by the following major steps:
• A given climate model is selected as input, providing spatial and temporal distributions of climate variables such as temperature and precipitation.
• These climate variables are used in GCAM to run its water supply (hydrology) submodel (Hejazi et al. 2013 (Hejazi et al. , 2014a (Hejazi et al. , 2014b ).
• The GCAM numerical solution procedure is based on a partial-equilibrium economics approach that is documented in references such as Edmonds and Reilly (1983) , Brenkert et al. (2003) , Kim et al. (2006) , and Clarke et al. (2007) .
• GCAM outputs include water withdrawal (demands) for each of the major water-using economic sectors (such as food production, energy generation, and municipal supply); these outputs are also used to calculate a water scarcity indicator (WSI).
• These outputs are generated for each one of the modeling scenarios simulated in GCAM (including the reference scenario, SSPs, mitigation scenario, as discussed later in this paper). For the purposes of this study, a "no climate policy" reference scenario has been implemented in GCAM to reflect "reference" or baseline efforts toward climate mitigation. RCP4.5 is used as a "climate policy" scenario to reflect the implementation of climate mitigation policies in GCAM simulations.
A Brief Description of GCAM
Water Scarcity Index
The Water Scarcity Index (WSI) for a given GCAM simulated scenario is determined as follows:
• Water demands (total water withdrawals) are simulated in GCAM; these results are downscaled to the grid scale and mapped up to country scale.
• The hydrology (water supply) module in GCAM is used to generate runoff estimates using climate information from the three GCMs-CCSM, GISS, and FIO-ESM-at the basin level.
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• The surface runoff generated is mapped up to the country scale.
• The total inflow into each country is calculated as the sum of available surface runoff and groundwater resources; groundwater data are obtained from the FAO's Aquastat database.
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• Runoff and inflow data are aggregated from monthly to average annual estimates.
• The WSI for each country is calculated (annually) as: 
Global Climate Models (GCMs)
For this study, three different Global Climate Models 
Results and Discussion
Estimates of total annual runoff volume for the three GCMs used in this study are shown in figure 4 . This is the sum of the runoff generated for the 233 water basins around the world in GCAM. The figure shows that the three different climate models agree that there is not a significant trend (upward or downward) of the total runoff volume generated; this suggests that the amount of surface water globally will remain practically fixed throughout the coming decades.
These results underscore a main message that freshwater is a finite resource with multiple uses, and thus requires careful management with due consideration of issues of water quality and efficiency.
While the total global runoff volume, an indicator of overall water availability may not vary significantly over the next decades, there are some variations worth noting among regions and countries.
Map 2 displays estimated runoff depth around the world, as predicted by the three GCMs for the year 2050 (maps showing changes to 2100 were generated, but are excluded for brevity). Runoff depth, measured as total runoff divided by total land area, provides a better means of comparing runoff trends among countries than measuring runoff in water volume because it allows for large countries to be compared with smaller countries. Some trends can be summarized as follows:
• North America. There are no major variations in runoff; the overall trend is for a small decrease in runoff in Canada and the United States, but some simulations (CCSM and GISS) project small increases for the United States by 2050.
• Central America. There is a consistent trend toward diminishing runoff across all three models. There is significant disagreement between the models on runoff in South America, with two of the three (CCSM and FIO) predicting relatively stable runoff patterns throughout the continent, but GISS predicting extreme short falls in runoff in Brazil, Colombia, Ecuador, Peru, and República Bolivariana de Venezuela.
• Europe and Central Asia. There is a consistent trend toward lesser runoff in all model simulations, with the Russian Federation showing a sharp decrease in runoff in the second half of the century.
• East Asia. The runoff profile is relatively stable and high (particularly in the Pacific). All simulations project runoff decreases in China. Two (CCSM and GISS) out of • Middle East and North Africa. There is a consistent trend toward decreasing runoff to the lower runoff ranges. The Islamic Republic of Iran appears to be somewhat of an exception; its runoff generation rate is more or less stable (but still in the low range, always below 200 mm/yr).
• Africa. There is a greater variation of runoff generation.
In 
Projected Volumetric Inflow
The rate of volumetric inflow into each country is presented in map 3 for each of the climate models for the year 2050. Volumetric inflow accounts for streamflow 
Projected Water Scarcity
Finally, the reference ( business-as-usual) scenario for these GCAM simulations is used to portray the current No scarcity Low scarcity Moderate scarcity Severe scarcity determining agricultural water use. Global water use for electricity generation, on the other hand, shows a very large spread between SSP1 and SSP5, with a nearly 300 percent increase in water withdrawal predicted for the latter scenario over the former by the year 2100. This is driven mostly by the assumption of a much larger size of the economy implicit in SSP5.
The relationship between the SSPs and the key water-using sectors-energy and food-is illustrated in figure 10 . Data on future projections of water supply and demand for different climate and socioeconomic development scenarios generated through this study need to be validated at the regional and country levels so they can provide reliable intelligence for purposes of water resources assessment and management.
IAMs such as GCAM provide a quantitative economic framework for an integrated analysis of water supply and demand, multiple demand sectors, climate inputs, and other forcing factors such as land use change, policy interventions, and technological developments.
These models provide a viable tool to explore additional issues related to the water-energy-food nexus.
Further research can be focused on such issues as the implications of groundwater availability and changes in pumping costs on future water supply and its effect on urban services, energy, and food security; the repercussions of removing existing distortions (subsidies) in water availability and distribution in the future; the economic costs of noncooperation across basins/countries/regions and the potential benefits of cooperation; quantifying trade-offs in water availability and its impact on major economic sectors; defining effective adaptation strategies/investments that are necessary to mitigate the impact of climate change on water scarcity and stress; and identifying and planning key investments at regional and country levels to address economic water scarcity.
Notes
